The aim of this paper is to present image analysis as a useful technique for fast, reliable and non-destructive detection of dimensional and structural changes in polymers. The possibility of applying image analysis was demonstrated in the case of solvent-induced crystallization of poly(ethylene terephthalate) (PET) containers filled with commonly used organic solvents: chlorobenzene, isophorone, xylene, Espesol, Shellsol A 100, Solvesso 150, propylene glycol, glycerin and water and subjected to the storage stability test at 54 °C for 14 days (CIPAC 1-MT 46.1.3). In addition, the obtained results were analyzed using one-step analysis of variance (ANOVA) combined with the Duncan's statistical test (p<0.05). According to the achieved results, three main impacts of the presented paper could be distinguished: 1) dimensional and transparency changes could be precisely followed by image analysis in both following cases: for small changes in water, as well as for significant ones in chlorobenzene; 2) a correlation between the changes in the degree of crystallinity and transparency could be obtained without the continuous material testing by DSC; 3) image analysis is potentially applicable for assessment of other crystalline polymers.
Image analysis as a useful tool for fast detection of dimensional and structural changes of poly(ethylene terephthalate) containers
INTRODUCTION
Poly(ethylene terephthalate) (PET) is one of the most widely used polymeric materials [1, 2] . It is cheap, easy to process, has an extraordinary clarity, and is presumed to have barrier properties that are sufficient for most packaging applications. Due to its common use as a beverage packaging material, the main focus has been on its food packaging properties. Still, PET packaging is not only limited to food packaging and nowadays many other products are packed in PET containers, such as pesticides, cosmetics, household products, etc. However, many products contain diverse, mainly organic solvents. Therefore, numerous investigations have focused on the possible migration of various chemical species stored in PET packaging into PET containers [3] . For example, Plotan et al. showed that endocrine disruptors, alkylphenyls and phthalates were partly leeching from PET containers [4] . Further, Dombre et al. found out that permeability of volatile organic compounds affects properties of the virgin and recycled PET (e.g. thermal, crystallinity, oxygen and carbon dioxide barrier properties) [5] . Welle and Franz investigated diffusion of low molecular weight molecules in PET bottles in order to define basic parameter set for migration modeling of PET and found that the key parameters for more realistic migration modeling are activation energies of diffusion in the polymer [6] . Additionally, organic solvents could influence barrier properties of the PET packaging. In cases when a significant amount of organic solvent penetrates into PET, swelling occurs followed by the increase in the polymer chains mobility that further increases diffusion coefficients of the penetrant [7, 8] . Bearing in mind that PET can be crystalline up to 60 %, its permeability toward gases and liquids and corresponding diffusivities can be significantly influenced by the degree of crystallinity [9] . In the case of contact of crystallizable polymers and small molecules that can diffuse into that material, so called solvent-induced crystallization can take place [10] [11] [12] . As a result of solvent transport through the polymer, crystallization occurs in different phases of the process. In the beginning the amorphous regions undergo reorganization, forming small crystallites, and further transforming to lamellar zones that eventually lead to well defined crystalline regions [13] .
The described structural changes in polymeric packaging can have many negative effects on its use, recycling and processability. The most important of these negative effects refer to the lowering of the barrier properties of PET packaging and narrowing the possibilities for its recycling and reuse. Worsened barrier properties can threaten the storage stability of the packed products. Beside the significantly shortened shelf lifetime of the product, this can also cause numerous harmful effects on humans as well as the environment in general. In addition, the EU plastics industry and the leading plastics federations have defined Plastics 2020 Challenges, recognizing the recycling and reuse of plastics as one of the main challenges [14] . Determination of the quality of the used plastic packaging became important for further processing possibilities in order to help doubling the recycling rate of plastic packaging.
Therefore, it is necessary to find a fast method to check whether there are changes occurring in the packaging itself. At the same time, this method has to be precise and capable to evaluate if any individual container is prone to failure during the storage time of its content or its appropriateness for recycling/reuse at the end of its service life. As the modern industry of polymer packaging deals with mass production and a huge number of items, a cost-effective approach to the described analysis is another important demand [15] .
Structural changes in polymers, especially changes in crystallinity may be detected by several techniques, such as scanning electron microscopy (SEM), wide-angle x-ray diffraction (WAXD), differential scanning calorimetry (DSC), optical microscopy, Fourier-transformed infrared spectroscopy (FTIR), etc. [16, 17] . Some of these methods are costly and time-consuming, especially when the number of samples to be investigated is high. On the other hand, image analysis is a fast and convenient method which could be used to follow structural changes in polymers.
The purpose of image analysis using Image Pro Plus (Media Cybernetics) is to obtain a quantitative description of an image if morphological characteristics can be attributed to the properties of the object studied. It can be applied in various areas of science -materials science, coatings, metallurgy, polymers, semiconductors, textile/fibers, cables and connectors, etc [18, 19] .
Signals that are collected by the visual unit (e.g. a camera) can be processed to compare and analyze various object characteristics, such as a maximum and minimum radius, characteristic angles, different areas, roundness levels of hue and saturation, and many others. This method can be of great value when performing repetitive tasks, in particular in areas where a certain visual parameter can be a measure of quality of the entire product. In these cases, fast and accurate image analysis can be performed automatically to eliminate bad products or divide products into various quality categories. It can also be applied online at the production line, so the quality of the product is assured during production. Such systems have been already reported in the food industry, e.g. in the production of cereal flakes [20] and industrial snack food processes [21] . Although less prominent, image analysis has proven to be successful in polymer beads analysis [22] , offering a simple and inexpensive way to obtain useful results. Also, on the industrial level, dimensional deviations of poly(ethylene terephthalate) bottle cups have been assessed using the analysis of a cup image. Each cup with a dimension deviation that is above the determined standard would be removed instantly by the air waft. The rate of such analysis is very high so that around 500 items can be checked per minute.
The main goal of the present paper is to demonstrate image analysis as a useful tool for fast detection of dimensional and structural changes in polymers, such as in the case of solvent-induced crystallization in PET containers. Transparent PET containers were filled with commonly used organic solvents: chlorobenzene, isophorone, xylene, Espesol, Shellsol A 100, Solvesso 150, propylene glycol, glycerin and water, in order to evaluate changes that occurred during the storage stability test. Structural changes, detected by image analysis, were confirmed and analyzed by DSC to examine the degree of crystallinity in the affected zones. The essence of the research was to speed up characterization of huge number of samples by eliminating DSC measurements from the sample analysis on the industrial level. In addition, onestep ANOVA combined with the Duncan's statistical test (p<0.05) was used to identify the most significant parameters.
EXPERIMENTAL

1. Materials
Poly(ethylene terephthalate) (PET poly JADE, China, Brand "CZ 302" Container grade polyester chips) was used to produce 50 mL containers (90 x 28 mm) by injection molding on an ASB 50 injection molding unit (at Hemotehna PET Plant, Subotica, Serbia). The organic solvents, applied in this investigation, were: chlorobenzene (Sigma-Aldrich, USA, p.a.), 3,5,5-trimethylcyclohex-2-en-1-one (Isophorone, Brentag, Belgium, p.a.), xylene (J.T. Baker, USA, p.a.), Espesol (Charter Oil Co., USA) -a mixture of aromatic compounds, Solvesso 150 (Tonengeneral Sekiyu K.K, Japan) -a mixture of aromatic compounds, Shellsol A 100 (Shell Chemicals, Netherlands) -a mixture of aromatic components, propylene glycol (Merck, Germany) , glycerin (Merck, Germany) and distilled water. The sample labels and significant physical and chemical parameters of the applied solvents are presented in Table 1 .
Storage stability test
Empty containers or ones filled with organic solvents and water were closed and sealed with high-density polyethylene (HDPE) caps, after which they were subjected to the storage stability test (CIPAC 1-MT 46.1.3). According to the method, all the investigated containers were kept at 54 °C for 14 days, which simulates 2 years of shelf life. After 14 days, the containers were cooled to the room temperature, opened and the content was removed. The empty containers were left at ambient temperature without any washing to dry to the constant weight.
3. Image analysis
Images of the samples were acquired by using a NIKON D80 digital camera with the maximum resolution of 10.3 MPixels. The distance between the camera and samples was set to 30 cm, with a 50 cm focus, using a flash against a non-reflecting black background. Each container was photographed in two different positions. Frontal pictures of the entire container bottle were taken before and after the storage stability test in order to establish dimensional changes. In addition, the container bottom was photographed before and after the experiment to establish the amount of nontransparent areas that were not present in the sample before the storage stability test. Measurement starts with projected two-dimensional area. The area of the container bottom with changed transparency, A, is usually expressed in μm 2 and calculated as the sum of the areas of each individual pixel ap, within the borders [25] :
The perimeter of the changed transparency, P, is defined as the total length of the object boundary, most often expressed in μm. It is calculated from the Cauchy-Crofton equation [25] :
where I is the number of intercepts formed by a series of parallel lines with the spacing dL; N is the number of directions, from α to π.
Roundness (Rd) is defined as:
where P is the perimeter (the total length of the defined object boundary); A is the area of the object of interest. A perfect circle has Rd value of 1, while larger values indicate deviation from the perfect circular shape.
A distance filter was used to select an area containing white zones at the bottom of the container. This filter enables the distinction between white and dark parts of the image and to clearly see the area affected by the changes that occurred in the material. This transformation was applied to every image with a typical result presented in the sample image in Figure 2 (middle). Transparency levels were measured by choosing six points at each base of the container and measuring the whiteness level at each point before and after the storage stability test. As the images were taken against a black background, the fully transparent part of the container is 100 % black in the image, while an increase in the whiteness level is a direct measure of the transparency decrease.
Fig. 2. The image of the container bottom (left), the container bottom after the application of the distance filter (middle) and the area of interest marked in red (right) (solvent: xylene)
The resulting image was then transformed to a 256 gray level image wherein the threshold function was used to extract the affected area (the area of interest). In most systems, grayscale is defined by the intensity of white light [23] . An intensity value of zero indicates absence of white light; hence, it is black. Likewise, a value of 255 indicates a white light of the highest intensity. The edge of an object of interest was defined by a threshold. Here, the intensity value of the background of an image was measured as 0 ("black") and the threshold was chosen to be 90 % (26) ("dark gray"). So, anywhere in the field of view where the pixel intensity value exceeded 26 was considered as the edge or interior of an object. The area of interest, which included all gray zones wherein the pixel intensity was above the threshold, was marked red (Fig. 2, right) . . Samples for DSC measurements were taken from the container bottom by cutting the areas of interest (15-20 mg) and put in an aluminum pan.
5. Data analysis
All experimental data of non-transparent zones at the base of containers (roundness, object area, area with changed transparency), transparency, grayness and degree of crystallinity were analyzed using the statistical package for social sciences, version 20 (SPSS Inc., Chicago, IL, USA). The obtained results are presented as mean values of sixty samples for each solvent ± SD (standard deviation) and further subjected to one-way analysis of variance (ANOVA) in order to determine differences between multiple means in continuous variables. Statistical significance was set at p < 0.05. For those parameters for which the significance of mean values differences by samples is found, the Duncan test was used for post hoc analysis.
RESULTS AND DISCUSSION
Changes in the PET containers that were subjected to the storage stability test were monitored by using image analysis. The basis for this monitoring was a change in the container's mass, their shape and transparency.
The initial masses of all the containers were 12.05  0.05 g. After the end of the experiment they were measured to evaluate any possible change of mass, after which they were analysed by one-step ANOVA. The obtained results are presented in Figure 3 . It was found that the mass change for the containers filled with water was very small showing that the amount of water penetrating into the material was negligible (m = 0.033±0.005 g). When organic solvents were present, the results were somewhat different. All organic solvents used in the experiments penetrated into the PET containers. Masses of the corresponding containers were higher than the initial ones in all cases, wherein the most significant mass increase was noticed in the cases of chlorobenzene (m = 0.837±0.022 g), isophorone (m = 0.199±0.019 g) and xylene (m = 0.15±0.017 g).
Diffusion of chlorobenzene and isophorone into the bottle material can be explained based on the solubility parameters shown in Table 1 ). Maximal PET-solvent interactions have been detected for solvents with certain values of the solubility parameter [23, 24] . The first group consists of solvents with a solubility parameter around 9.8, capable of interacting with the aromatic groups in PET. The second group comprises solvents with the solubility parameter around 12.1 that interact with the aliphatic groups in PET [23, 24] . These findings are in accordance with the results of the storage stability tests performed within this study. The greater relative diffusion of chlorobenzene to isophorone is a ) to that of isophorone (132.21 g mol -1 ) and its diffusion is facilitated. On the other hand, propylene glycol and glycerin exhibit a greater tendency toward formation of hydrogen bonds between the individual molecules of the solvent with respect to the polymer/solvent interactions, which explains the lower diffusion into PET and, consequently, smaller changes in mass for these two solvents.
The difference between interactions of chlorobenzene and xylene with PET can be related to the difference in values of the refractive index (n) and the dipole moment (µ(D)) corresponding to these two solvents (chlorobenzene: n = ) [26] [27] [28] . Based on the mass change, bottles that have undergone the biggest changes during the storage stability test (bottles filled with chlorobenzene, isophorone, xylene), as well the ones filled with water and propylene glycole, were used for further testing.
Image analysis was employed to investigate how solvent penetration and its subsequent diffusion through PET influenced changes in sample dimensions and crystallinity. Two parameters were followed -the change of sample dimensions and the decrease in transparency observed at the sample container bottoms.
By comparing the contours of all sample containers to the reference container that was not subjected to the storage stability test, values of dimensional changes and locations of greatest deviations from the reference container contour were established (Fig. 4) . Figure 4 shows that the most pronounced deviation from the reference contour for all investigated samples is at the container neck where the screw thread is located and where the container contour changes its angle (measuring points 2-6 and 26-30 as marked in Figure 1 ). These changes proved that the dimensional change of the container as a result of the storage stability test can compromise the quality of the sealing properties of the containers. The largest dimensional changes that are seen in the screw thread zone imply that the contact between the screw cap and the container can be reduced, letting some of the solvent evaporate. This also happens to samples that were exposed to chlorobenzene and isophorone at the lower part of the container, at the point where the base of the container begins, but to a lesser extent.
As can be seen, the most intense deviation from the reference contour occurred in the case of the container exposed to chlorobenzene. This behavior was expected because, according to the general chemical resistance of PET products [14] , the resistance of PET toward chlorobenzene is evaluated as 3, meaning that PET exhibits poor resistance to attack and should not be considered for this application. According to the same source, PET resistance toward water, isophorone and xylene is defined as 1, meaning that PET exhibits good resistance to attack and chances for successful testing are very high. Notable deviations for samples exposed to these solvents were found mainly at the container neck, implying that with corrections in the neck design, these solvents could be stored in PET containers if only this aspect is considered. However, testing is necessary especially due to possible structural changes induced by latter solvents.
It was also noted that initially completely transparent containers developed non-transparent zones at the neck and the bottom after the storage stability test (Fig. 5) . So, the next step was to investigate how the solvents used influenced changes in transparency of the PET containers. It was assumed that the reason might be development of zones with higher crystallinity that decreased transparency.
It is known that recycling of PET produces material with higher crystallinity, so it may be assumed that solvent penetration should facilitate relaxation of polymer chains and enable formation of zones with increased crystallinity. Analysis of this process can give clues about the solvent penetration mechanism in the given material.
By using the image analysis it is possible to recognize grey levels and calculate the average level of grayness of affected zones that were detected as the zones with changed transparency (the higher the grayness, the lower the transparency). Container bottoms were used for further analysis. The total surface area of non-transparent zones, roundness and other basic image analysis parameters of container bottoms, depending on the solvent, were determined by Image analysis, analyzed by ANOVA and presented in Table 2 .
It is noticeable that non-transparency in the case of water is very small, only two-three zones, covering less than 3% of the total area. Three times larger area was detected in the case of isophorone, and more than a third of the entire bottom area became non-transparent in the case of chlorobenzene.
Roundness, as defined in Eq. 1, was used in this study since this parameter may indicate uniformity of the structure around the solvent entry point. When a solvent enters the material, it diffuses in all directions, forming a circular area. Figure 1 ). The reference sample in all cases was an empty container that was not subjected to the storage stability test. As long as the structure is uniform, without any imperfections, roundness will be close to 1, and diffusion through non-uniform parts of the material will be different, increasing the roundness level. Based on measurements of container masses and areas of non-transparent zones, water is considered as the least penetrating solvent among those that were investigated. The highest roundness values confirm that water diffuses mostly through micro-cracks in the material, thus forming a very uneven circle around the entry point. Roundness of zones was similar when larger areas were covered.
Fig. 5. Photographs of representative containers and their bottoms used in image analysis
It is also interesting to note that the non-transparent zones concentrate around the middle of the base of the container (Fig. 5) . This behavior indicates that the observed changes are linked to irregularities in the structure. Commonly, at the center of the container base there is a trace of the mould riser inducing formation of a different structure. Present investigations show that this area is the location where a solvent penetrates.
Image analysis of the investigated solvent-induced changes on the bottoms of PET containers further involved correlation between the changed transparency in the affected zones, i.e. grayness = 100 %-transparency, and structural changes in the PET. Transparency of the affected zones was determined by image analysis as described in the experimental section (0 % is black, 100 % is white) and listed together with grayness in Table 3 . For the sake of clarity, the grayness in Table 3 relates to the level of gray of non-transparent parts at the bottom (detected objects), while the area of changed transparency (Table 2) relates to their ratio with respect to the total bottom surface.
Based on the obtained data, we can conclude that significant changes in transparency, along with bottles filled with chlorobenzene (for which this change was expected), also occurred in bottles filled with isophorone and xylene. These changes were the result of changes in the structure of PET subjected to the influence of these solvents. DSC analysis was used to determine if the non-transparency stemmed from a higher level of crystallinity. In this case, it would be the result of solvent penetration giving the polymer chains room to reorganize and increase the level of crystallinity.
DSC analysis of both transparent and non-transparent zones from the same container bottom was performed for each sample. Sample DSC curves obtained for PET containers exposed to chlorobenzene are shown in Figure 6 .
Peaks that correspond to melting of PET were compared to the theoretical value of 140.1 J g -1 for 100 % crystalline PET [28] , and the results show that the transparent part was 27.7 % crystalline, while the crystallinity of the nontransparent part was 32.5 %. This finding confirmed that non-transparency originated from a higher degree of crystallinity, as was presumed at the beginning. The obtained results for crystallinity degrees in non-transparent zones for all investigated containers are presented in Table 3 as a mean value of all samples in each group.
Finding a connection between the new approach to studying structural changes in PET by Image analysis and DSC as a conventional, but expensive and time consuming experimental method, would provide a cheap, easy and fast tool for monitoring the quality of consumed PET containers.
Thereby, we correlated the change of grayness of PET container bottoms, as compared to that of the empty bottle, to the experimentally obtained change in crystallinity degree detected by DSC. The obtained dependence is presented in Figure 7 . As may be seen from the Figure 7 , the dependence of the change in crystallinity on the change in grayness was linear with the slope value of 0.07, and independent of the solvent used. The linear correlation coefficient between the degree of grayness and the degree of crystallinity is 0.953 and is statistically significant (p <0.001). Hence, there is a strong positive linear correlation between these two parameters.
Crystalinity degree, % Therefore, the presented method provided the possibility for calculation of the change in the crystallinity degree of PET by simple analysis of its image, i.e. acquiring the change in material grayness. The presented linear dependence of the change in crystallinity on the change in grayness for PET samples (Fig. 7) thus becomes a master curve for given conditions and PET and may be used to calculate the degree of crystallinity of a PET sample (without DSC measurements) using transparency change of that sample at given conditions. It could be assumed that this analysis could be applied to other crystalline polymers. This can significantly speed up characterization of PET and facilitate selection when processing an enormous number of samples.
CONCLUSIONS
Image analysis and the related software Image Pro Plus were successfully applied to determine structural changes in the polymer and evaluate effects of various solvents on PET containers during the storage stability test. It was shown that dimensional changes of containers could be recorded in great detail by using the image analysis software. The observed changes in sample crystallinity were confirmed by DSC. The most important finding is that the same software could enable calculation of the degree of crystallinity of PET, based on simple analysis of the material image, i.e. by determining the transparency change of the material. Then the time consuming and costly DSC measurements could be used only to obtain the master curve and not to test the entire production line (that would be done by the image analysis).
This investigation thus showed that image analysis is an easy and fast method to detect dimensional and structural changes in transparent PET products during their shelf-life. The achieved results could be of great benefit in applications where quick analysis of a large number of samples must be performed. Finally, this analysis potentially could be applied to other crystalline polymers, the structure of which might change during their service lifetime.
